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ABSTRACT 


An  experiment  was  performed  to  check  the  expressions  for 
the  impedance  of  a  coaxial  type  of  antenna  submerged  in  a 
conducting  medium  (sea  water).  The  experiment  was  conducted 
at  high  frequencies  in  order  to  take  advantage  of  frequency 
scaling . 

Details  of  the  construction  of  the  antenna  along  with 
methods  and  results  of  experimental  measurements  on  the  an¬ 
tenna  are  included . 

The  experimental  results  check  closely  with  the  theoreti¬ 
cal  values  obtained  using  expressions  derived  on  the  assumption 
that  the  antenna  in  a  conducting  medium  is  considered  a  trans¬ 
mission  line  with  a  lossy  outer  conductor. 
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INTRODUCTION 


The  problem  of  radio  wave  propagation  using  antennas 
submerged  in  sea  water  has  received  much  attention  in  recent 
years.  As  early  as  1940,  Norgorden  [l]1  prepared  a  paper  on 
the  problem  of  propagation  of  radio  waves  from  a  transmitting 
antenna  in  air  to  a  receiving  loop  antenna  in  sea  water.  Fur¬ 
ther  work  on  the  loop  antenna  was  performed  in  1946  by  Quinn 
and  Norgorden  [2],  An  analysis  of  a  Hertzian  dipole  in  an 
infinite,  conducting  medium  was  done  by  Tai  [3]  in  1947.  He 
showed  that  a  meaningful  expression  for  the  radiation  resis¬ 
tance  of  the  Hertzian  dipole  in  a  conducting  medium  can  be 
obtained  only  if  the  dipole  is  insulated.  Electric  and  mag¬ 
netic  dipoles  in  infinite  and  semi-infinite  conducting  media 
have  been  analyzed  by  several  investigators  since  1947;  e.g., 
Moore  [4],  Lien  [5],  Banos  and  Wesley  [6],  Wait  [7,8],  and 
King  [9].  Experimental  work  was  done  in  i960  by  Kraichman 
[l0]  to  verify  the  results  of  Wait  and  Banos,  and  by  Saran 
and  Held  [ 11 ]  to  verify  the  exponential  increase  of  attenua¬ 
tion  with  depth. 

An  extensive  analysis  of  the  submerged  antenna  problem 
was  presented  by  Moore  [4]  in  1951.  Moore  analyzed  the  pro¬ 
blem  of  the  propagation  of  an  electromagentic  wave  through 
sea  water  (a  conducting  medium),  through  the  boundary  between 

*The  numbers  in  brackets  indicate  the  references  in  the 
bibliography. 
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the  sea  water  and  the  air  ( a  dielectric) ,  and  over  the  surface 
of  the  sea  water.  He  treated  the  electric  and  magnetic  dipoles 
in  a  conducting  medium  and  analyzed  three  antenna  configurations 
in  this  mediums  the  biconical  antenna,  the  "coaxial  antenna," 
and  the  small  magnetic  loop.  In  addition,  Moore  analyzed  the 
power  requirements  for  a  system  consisting  of  submerged  sending 
and  receiving  antennas .  The  coaxial  antenna  had  been  analyzed 
theoretically  and  experimentally  by  Flath  and  Norgorden  [l2] 
in  1949  as  a  "lossy  concentric  line."  However,  this  work  was 
not  available  to  Moore  when  he  did  his  work.  The  results  of 
these  two  independent  investigations  agree  closely. 

This  paper  reviews  the  analysis  of  the  submerged  coaxial 
antenna  introduced  by  Flath  and  Norgorden  and  later  independ¬ 
ently  by  Moore.  The  theoretical  review  of  the  analysis  is 
presented,  followed  by  an  experimental  verification. 

The  derivation  of  tha  coaxial  antenna  input  impedance  in 
this  report  is  based  essentially  on  Moore's  work.  The  purpose 
of  the  experiment  which  followed  was  to  model  the  coaxial 
antenna  for  the  lower  frequencies  when  immersed  in  the  sea. 

In  order  to  represent  the  size  of  the  sea  adequately  by  a 
large  tank  which  could  be  kept  indoors,  the  antenna  was  scaled 
to  operate  in  a  frequency  range  from  75  to  125  me. /sec.  All 
assumptions  made  in  the  theoretical  analysis  were  investigated 
to  insure  that  they  would  apply  to  the  scaled  model . 


1.  THE  GENERAL  SUBMERGED  ANTENNA  PROBLEM 
An  antenna  submerged  in  sea  water  is  much  less  efficient 
than  the  same  antenna  in  air.  This  is  due  to  the  fact  that  the 
sea  water  has  a  much  higher  conductivity,  and  thus,  forms  a 
very  lossy  medium  for  the  propagation  of  electromagnetic  waves. 
The  rate  of  attenuation  can  be  determined  for  a  plane  wave  in 
sea  water  by  considering  the  propagation  constant,  yb,  which 
is  defined  in  terms  of  the  electric  field  by 

E  =  E  e"^  2YB“Ju>t)  (1-1) 

o  ' 

and  is  given  by 


Yb  =  Jco  ^ 7  (1-2) 

where  cjj  is  the  angular  frequency,  |i  is  the  permeability  of  the 
medium,  and  e  is  the  complex  dielectric  constant  which  is 


r  =  «  + 


(1-5) 


where  c  is  the  real  dielectric  constant,  and  a  is  the  conduc¬ 
tivity  of  the  medium. 

For  sea  water  the  complex  dielectric  constant  is 

e  =  7-17  x  10-10  +  ^  (1-4) 

It  is  apparent  from  this  that  for  frequencies  below  100 
me. /sec.  and  for  a  conductivity  of  less  them  four  mhos/meter. 


5 


4 


Substituting  this  value  for  c  into  expression  (1-2)  we  obtain 


Yn  =  Ju> 


(1  +  J) 


(1-6) 


Thus,  the  wavelength  in  sea  water  becomes 


Where  1  y_  means  the  imaginary  part  of  y„;  the  attenuation 
n  b  o 

factor  is 

a.^£.£L  (1-8) 

or  in  db 

2tt 

db  =  20  log10  e"  TT  =  ^2L  iog10  e  =  .  (1-9) 

Thus,  the  attenuation  is  inversely  proportional  to  wavelength; 
and  the  distance  of  propagation  through  sea  water  for  any  given 
attenuation  is  proportional  to  the  wavelength.  This  effect 
suggests  the  use  of  long  wavelengths  and,  consequently,  l(*r 
frequencies,  perhaps  below  10  kc./sec.  for  full-scale  practical 
communication  systems. 

The  use  of  low  frequencies  requires  that  the  submerged 
transmitting  antenna  be  extremely  large  to  be  capable  of  trans¬ 
ferring  large  amounts  of  power  into  the  sea  water .  Large 
amounts  of  power  radiated  through  the  water  require  extremely 
high  currents  in  the  water  because  of  its  high  conductivity. 
These  currents  must  somehow  be  produced  by  the  antenna.  This 
fact  makes  the  antenna  an  inherently  low  impedance  device. 

The  problem,  then,  is  to  design  an  antenna  which  has  a  suffi¬ 
ciently  high  driving  point  impedance  without  being  excessively 
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large.  A  receiving  antenna  must  also  be  large  If  It  Is  to  be 
reasonably  sensitive  at  low  frequencies. 

Another  factor  to  consider  in  the  design  of  the  antenna 

2 

is  the  path  of  propagation.  Several  investigators  have  found 
that  the  best  path  of  propagation  between  two  submerged  anten¬ 
nas  is:  (a)  propagation  frcm  the  transmitting  antenna  directly 
to  the  surface;  (b)  propagation  horizontally  over  the  surface 
of  the  sea  with  some  of  the  energy  being  refracted  back  into 
the  sea;  ( c)  propagation  of  the  energy  which  is  refracted 
downward  from  the  surface  toward  the  receiving  antenna.  This 
signal,  which  refracts  into  the  water  along  the  path  of  the 
surface  wave,  is  the  signal  picked  up  by  the  receiving  antenna. 
Thus,  all  signals,  whether  they  are  sea  to  sea,  sea  to  air, 
or  air  to  sea,  are  directed  vertically  to  or  frcm  the  submerged 
antenna.  For  maximum  efficiency  in  transmitting  or  receiving 
a  vertically  directed  wave,  antennas  must  be  used  which  produce 
horizontal  fields. 


see  for  example  Moore  [4]  p.  171. 
Moore  and  Blair  Cl6],  and  Anderson  C j 


Williams  [15]  p.  44, 
P.  4. 


2.  THE  COAXIAL  ANTENNA 


A  very  undesirable  feature  of  a  bare-wire  antenna  immersed 
in  a  conducting  medium  such  as  sea  water  is  that  most  of  the 
current  fed  to  the  antenna  "leaks  off"  through  the  surrounding 
medium  before  it  gets  very  far  down  the  length  of  the  antenna. 

A  logical  solution  to  this  problem  is  to  insulate  the  entire 
antenna.  Such  an  insulated  antenna  can  be  analyzed  as  a 
coaxial  transmission  line  whose  outer  conductor  is  the  sea 
water.  Because  of  the  relatively  poor  outer  conductor,  the 
antenna  looks  like  an  extremely  lossy  transmission  line  whose 
outer  conductor  has  a  very  large  skin  depth.  The  fields  asso¬ 
ciated  with  this  skin  depth  constitute  the  desired  radiation 
into  the  water.  Thus,  the  "loss"  of  this  transmission  line 
must  be  increased  to  increase  the  useful  radiation. 

The  radiation  or  "loss"  car.  be  increased  by  terminating 
the  line  with  either  a  short  or  an  open  circuit  to  maximize 
the  standing  wave  ratio.  The  short  circuit  termination  has 
been  shewn  to  be  the  most  desirable  [4,  pp.  103,  137].  The 
simplest  and  most  practical  procedure  that  can  be  used  to 
short  the  inner  conductor  to  the  sea  water  is  to  remove  the 
insulation  from  a  section  at  the  end  of  the  antenna  leaving 
a  quarter  wavelength  or  more  of  the  wire  exposed  to,  and  in 
contact  with,  the  sea  water.  A  better  short  circuit  can  be 
obtained  by  attaching  a  conducting  plate  or  ball  to  the  end 
of  the  antenna;  however,  such  a  structure  has  poor  hydro- 
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dynamic  properties  and  is  undesirable  as  it  hinders  underwater 
mobility  of  the  antenna. 

In  addition,  insulating  the  antenna  causes  the  effective 
current  path  to  be  longer  than  on  an  equivalent  uninsulated 
antenna.  The  longer  current  path  is  desirable  because  it 
increases  the  effective  length  of  the  antenna.  An  increase 
in  effective  length  of  the  antenna  results  in  a  larger  driving 
point  impedance.  From  a  practical  standpoint,  it  is  desirable 
to  have  a  driving-point  impedance  that  can  be  easily  matched 
to  existing  transmitting  and  receiving  equipment.  Also  the 
magnitude  of  the  dipole  moment  for  a  constant  input  power  is 
larger. 

2.1  Derivation  of  Impedance 

In  the  theoretical  analysis,  the  coaxial  antenna  is  con¬ 
sidered  to  be  a  perfectly  circular  cylinder  surrounded  by  a 
coaxial  dielectric  sheath,  which  in  turn  is  immersed  in  a 
highly  conducting  medium  of  infinite  extent.  Figure  2.1  il¬ 
lustrates  two  cross-sections  of  the  coaxial  antenna.  Regions 
A  and  B  are,  respectively,  the  dielectric  sheath  and  the  sea 
water.  Thus  the  subscripts  A  and  B  are  used  on  all  parameters 
in  the  following  equations  to  indicate  the  region  to  which 
they  pertain.  The  radius  of  the  perfectly  conducting  inner 
cylinder  and  the  outer  radius  of  the  dielectric  sheath  are 
designated  as  a  and  b,  respectively.  Cylindrical  coordinates 
(r,  ep ,  z)  are  used,  with  the  axis  of  the  antenna  coinciding 


with  the  z-axis . 


8 


Region  B  sea  water,  the  outer  conductor 


center 

conductor 


Figure  2.1  Cross  section  of  the  coaxial  antenna. 

For  an  antenna  of  practical  dimensions  the  cutoff  fre¬ 
quencies  for  any  modes  other  than  the  transmission-line  mode 
are  much  higher  than  the  frequencies  that  are  practical  for 
communication  in  sea  water.  The  transmission  line  mode  re¬ 
quires  a  magnetic  field  component  in  the  cp  -  direction  (H^) 
and  an  electric  field  component  in  the  r  -  direction  (Er). 

In  addition,  a  longitudinal  component  of  electric  field  (E  ) 

z 

must  exist  due  to  the  longitudinal  voltage  drop  along  the 
imperfect  outer  conductor.  For  perfect  cylindrical  symmetry 
these  components  are  independent  of  «P,  and  there  are  no  other 
field  components. 

To  solve  the  boundary  value  problem  for  the  field  com¬ 
ponents  we  apply  Maxwell's  curl  equations  in  Region  B,  the  sea. 
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7  X  2  =  -  If  (2-1) 

7  X  2  =  <yf  +  c  |f  .  (2-2) 

Assuming  harmonic  time  variation  and  remembering  that  o  >>  cue 
in  Region  B  gives 

7  x  £  =  -  j<u2  =  -  jojp.il  ( 2-3) 

7  x  if  =  of  .  ( 2-4) 


Taking  the  curl  of  both  sides  of  (2-3)  using  ( 2-4) s 
7x7x2  =  -  jojtic2  . 


(2-5) 


Expanding  the  curl  curl  of  2  in  cylindrical  coordinates  and 
keeping  only  those  components  which  are  present  as  dictated 
by  the  transmission  line  mode: 


(7x7x2) 


a2** 

dzdr 


d2E_ 


a* 


(2-6) 


for  a  radial  component  and 


(2-7) 


for  the  longitudinal  component. 

As  stated  above,  the  mode  which  applies  here  in  Region  B 
is  the  transverse-magnetic,  and  this  fact  implies  that  the 

±rz 

longitudinal  variation  is  e  ,  therefore  the  form  of  the 
assumed  solution  for  the  separation  of  variables  method  is: 

2(r,z)  =  E  e±rz  a  +  E  e±rz  t  ,  (2-8) 

r  z 

where  E  and  E  are  arbitrary  functions  of  r  only,  and  V  is  the 
propagation  constant  for  the  "transmission  line."  The  radial 
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component  of  (2-8)  is  the  solution  to  (2-6)  and  the  longitudi¬ 
nal  component  of  (2-8)  is  the  solution  to  (2-7). 

Using  (2-8)  in  (2-6)  and  (2-7)  and  taking  the  positive 
z  directions 

(9x<7x?)r  =  -  T  ||  e"rz  -  r2Ee"rz  (2-9) 

and 

x  v  x  ft  _  r  as  e-rz  82e  -r*  r  g  -r*  1  as  -r« 

(VxVxE)2--r5Fe  -  — 2e  -  r  Ee  ~  F  £r  e 

or 

(2-10) 

Equating  the  respective  components  of  (2-5)  to  (2-9)  and  (2-10): 

(2-11) 


+  ju)M.oEr  =  r  ||  e“rz  +  r2Ee"rz 


+  ju*j.cE  =  T 


as  -rz  ,  a*E  -rz  r  5  -rz  1  be  -rz 


Sr 


+  — — r  e 

ar 


+  —  Ee 


+  ~ 


r  3"? 


’.(2-12) 


But  E  =  ie"rz  and  E„  =  Ee-1*2. 
r  z 


E  = 


3E 

ST 


Jcbm-c  -  r 


Then: 


(2-13) 


and 


3*E  .  18B  .  flc2,g  _ 

57  ?3r  (*b)E 


where 


V2  r2  <  r2  2 

kg  =  r  -  Jcjuuct  =  r  -  Yb  • 
Equation  ( 2-14a)  has  the  solution 
E  =  ®qHq2)  (kgf) 


and 


E 


ZB 


!oHo2><V>*'r‘ 


where  E„  is  am  arbitrary  constamt  and  Hi2^(k_r)  is  the  Hamkel 

O  O  D 

function  which  satisfies  the  radiation  condition. 


( 2-l4a) 


( 2-l4b) 


(2-15a) 


( 2 -15b) 
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Then  Er  is  easily  found  from  (2-13)  and  (2-15a): 

Er  =  H^2)  ’(kBr)e-rz  ,  (2-16) 

B  B 


where  the  prime  indicates  the  derivative  with  respect  to  r. 
Therefore  the  electric  field  vector  is 


■  -E°r  ^  t  EoHU, ( v).-r,3i  .  , ,.1T) 


Now  use  (2-17)  and  (2-3)  to  find  the  H-  field: 

yB 


7  x  E  * 

r-jZGjr  =  H 

S  =  - 


°  EoHi2)’(kBr)e'r2 


(2-18) 


or 


8 ,  -  «  BoHi2)(V)e'r‘  • 


{ 2-19) 


Thus  we  have  found  the  general  solutions  for  the  electric 
and  magnetic  fields  in  region  B,  the  sea. 

Now  we  must  find  the  fields  in  region  A,  the  dielectric. 
Again,  beginning  with  Maxwell's  equations  and  assuming  that 
the  dielectric  conductivity  is  zero  and  that  the  time  variation 
is  harmonic: 

7x7x5=  a)^e5  .  (2-20) 

Since  the  transmission  line  mode  still  applies,  we  have  the 
same  field  components  in  the  dielectric  as  were  present  in  the 
sea. 

Expanding  the  curl  curl  of  5  and  assuming  the  longitudinal 
±  Tz 

variation  as  e  as  before  we  get  the  same  z  and  r  components 
as  in  (2-9)  and  (2-10).  Equating  these  to  the  components  of 

(2-20): 
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cd  ii«Er  =  -  r 


3e  -rz 

Sr  6 


r2ge“rz 


(2-21) 


and 


co  n*B,  =  -  r 


3-E  e"rz-i4  e’rz  -  £  Ie-rz-i£|  e-rz.(2-22) 


Sr 


Sr 


r  cTr 


w  “Tz  a 

And  as  before  E_  =  E  e  and  E_  =  E  e  so 
r  z 


E  = 


-dE 

IrT 


r  +  to  n,c 

which  Is  similar  to  (2-13),  and 


(2-23) 


+  i  ||  +  (k2)  E  =  0  (2-24a) 

brz  r  or  A 

which  is  similar  to  ( 2-l4a) ,  where 

k2  =  r2  +  cu2uc  *  I*2  +  Y*  •  ( 2-24b) 

It  is  clear  that  (2-24a)  is  the  Bessel  equation  and  has 
solutions: 


®A  -  Vo<XAr>  +  A2No(KAr)  (2-25) 

and 

EA  -  +  A2Hi( kAr>  1  -/  7  -  <2-2« 

r  +  u>  n« 

or 

8A  -  £  UlJo,kAr|  +  A28i<  V>  >  (2-27> 

A 

and  the  electric  field  vector  in  region  A,  the  dielectric  is 

*a  ■  [AiJ0(v>  ♦  wv11  e‘rz  K 

■  h  [A1J;<kAr)  +  v;<v> 1  e'ri  *r  •  (2-28) 

Applying  the  curl  equation 
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*  (kAAlJo(kAr)  +  kAA2No(lcAr^e’rZ]  (2'29) 

or  in  a  more  compact  forms 

joue  e”^z 

- - £ -  Ca^V)  +  A2Ni(kAr)]*  (2_50) 

A  A 

Thus  we  have  the  $  and  ft  fields  in  both  regions . 

Now  the  constants  Eq,  T,  kB,  kA,  and  the  ratio  of  A 2 /A^ 
need  to  be  determined  from  the  boundary  conditions.  These 
conditions  ares 


E  ( a)  =  0 

ZA 


E_  (b) 

ZA 


=  Ez  (b) 
ZB 


H{p  ( b)  =1^  (b)  . 

A  B 


( 2-Jla) 
( 2-31b) 
( 2-Jlc) 


One  more  condition  is  dictated  by  the  assumed  transmission 


(2-32) 
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Applying  (2-31c)  again  but  with  (2-30)  and  (2-l8): 


ja)€  a  /  , 

TT  [AlJi<kAb>  +  A2Ni<kAb>]  -  E7  Vo  <kBb> 

A  a 


(2-33) 


and  applying  (2-31b) 


AlVkAb>  +  A2Bo<kAb>  =  EoHo2’ (kBb>  ' 

A- 

Dividing  (2-34)  by  (2-33)  *nd  solving  for 

jk_pe  H<  2)  (k_b) 

Jo^Ab)  -  577"  zhrr~;  j;(kAb) 


A  H 


*T 


No^Ab)  - 


o 

UJ 


0cBb) 


H^“ ' ( kb) 

77777TT  N^Ab> 

o 


A  Hl“/ (kgb) 


(2-34) 


(2-35) 


Jo<V> 

jq;-  -igivr  • 


and  from  ( 2-31a) 

A 

~  =  '  S, 

Equating  (2-36)  and  (2-35): 

JV 

J„(ka>)  Vk.b)  ' 


■sir 


Hi2)(kBb> 

VkAb> 


W' 


A  Hl“#(kBb) 


iv  »o‘'<kBb)  H 
,t  nv:  ~  Mo(ltAb> 


Ck, 


H-'(kBb) 


(2-36) 


( 2-37*) 


and  equating  (2-l4b)  and  (2-24b)  we  have  two  equations  involving 
kA  and  kQ  to  solve  simultaneously: 

k2  +  jcuy,o  =  k2  -  o>2|ie  .  ( 2-37b) 

In  order  to  avoid  a  trial  and  error  or  computer  type  solu¬ 
tion,  some  approximations  in  kA  and  kQ  can  be  made  such  as  the 


following: 
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|kAa|  «  1 
|kAb|  «  1 

|kgb|  <<  1  . 


( 


With  these  apprxomations  the  small  argument  values  of  the 
functions  may  be  used;  these  are: 

J0(x)  =  1 

»0(X)  *  -  I  in  i 

J^tx)  -  -  f  I 

%<*>  s  h 

hS>2)(x)  -  1  +  J  2  in 
H<2>'(x,  Z.}± 

where  y  is  Euler's  constant  (I.78I...). 

Substituting  these  approximations  into  ( 2-37*0  gives: 

1  - 
-IT 


W—  (^Bb)‘(l  +  4  ln  yT^e) 


2  ln 


yETa  2  1n  2  “e  rkBl  f.  .  ,2  2  x 

A  -  ?lnw^+—  Llc^J  (1  +  J?ln  yiqE) 


Solving  for  X*  and  using  ( 2-37b)  gives: 


2  7 

kg  +  jo^LC  +  CD  H.C  = 


TTU)C 


2a  In  £ 

cl 


E  kB(  1  +  J?  ln  ( 1 - * -  ln 


’IT 


Wla 


In  practical  cases  such  as  we  are  considering 


2-38a) 

2-38b) 

2-38c) 

Bessel 


2-59) 


2-40) 


2-41) 


a 

c 


>>  CD 


(2-42) 
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16 


and  as  Moore  [4,  p.  110]  justifies  for  low  frequencies 

2 


V€ 


2a  In 

u 


F  kb( 1  +  ln  1 - 2 -  ln  <<  ^  (2~^5) 

“  o  A 


which  implies  that 
k2  =  -  jo*i,c  . 


(2-44) 


Substituting  this  value  of  k  into  ( 2-4l)  gives: 


?  jmu  e  |i 

K  - - c- 

A  o  •  D 
2  ln  - 


ln 


^=^i+  J}>  I1  -  -r-  ln  yiqi]  • 

(2-45) 


Then  collecting  k^  terms: 

2  V2 

21'  ^  €  M-*5  ,  2  ir  2  1 

kAL1  +  2”ln"b  (ln  YT^r}U  +  j  ln  n-^=T7)  J  = 


2 

jcu  t  [1 

~^T 


In 


Y I ■y/jcjuua  b| 


’  I J  jcuy.a  b  | 


(2-46) 


One  final  approximation  which  is  easily  met  allows  the  evalua- 

2 

tion  of  ka,  this  is 


2  V2 

u)  c  y.b  9  9 

- - ( ln  yY  %)  ( ^  +  J  ln  "  1  1 — i 

2  In  —  yXA  Y I  -J Ju*ia  b| 


«  1  . 


(2-47) 


Thus  (2-46)  can  be  rewritten  as: 

k2  =  Ju>2^C  I*  +  i  m  2 
A  in  J  y\JX£o*\ 


( 2-48) 


New  the  value  of  the  propagation  constant  along  the  line. 


T,  can  be  found  by  applying  (2-24b): 


u 


2  r 

o  0)  p,C 

r  =  1 — B" 
ln  a 


bi 


In 


2b 


aylkgb 


•]• 


(2-49) 


Thus  we  have  found  the  quantities  which  characterize  this 
"lossy  transmission  line,"  or  the  coaxial  antenna  in  the  sea. 

The  characteristic  impedance,  ZQ,  of  any  uniform  trans¬ 
mission  line  such  as  our  coaxial  line  can  be  expressed  in 
terms  of  the  propagation  constant,  T,  and  the  admittance  per 
unit  length,  y,  as 

(2-50) 


«.-5 


Since  the  dielectric  of  the  coaxial  antenna  is  assumed  to  be 


lossless  the  admittance  becomes 
2iru>e 


y  =  J 


irr 


( 2-51) 


as  it  would  be  for  any  coaxial  line  with  a  lossless  dielectric. 


The  characteristic  impedance  is,  therefore, 

r  ln  | 

Zo  "  j  2mi)C 

The  driving  point  impedance  for  a  short-circuited  line  of 
length,  l,  is 

r  in  I 

Z  =  Z„  tanh  — — -  tanh  Tl  . 

sc  o  JZmoe 


(2-52) 


(2-53) 


For  short  lengths,  l,  such  that  (Tl)  <  y  »  the  hyperbolic 
tangent  may  be  expanded  in  a  power  series.  In  actual  practice 
for  frequencies  less  than  20  kc.  and  antenna  lengths  l  smaller 
them  100  meters,  only  one  term  of  the  hyperbolic  tangent  series 
is  required.  However,  for  the  modeled  antenna  lengths  and  the 


Id 


VHF  frequencies  used  for  the  model,  four  or  more  terms  are 
required.  Using  the  first  term  of  the  power  series  only: 


r  In  ^  r 2l  in  | 

Zsc  “  j  j  d-nwe 


(2-54) 


2 

Substituting  in  the  value  of  T  given  by  equation  ( 2-49) ,  the 
input  impedance  becomes: 

*»  •  <2-«) 


This  is  the  theoretical  value  of  input  impedance  of  the  practical 
submerged  coaxial  antenna;  as  the  frequency  of  operation  is 
increased,  additional  terms  may  be  required  for  convergence 
of  the  hyperbolic  tangent  series . 


2 . 2  Experimental  Determination  of  the  Impedance 

An  experiment  was  performed  to  determine  the  validity  of 
the  expressions  for  the  impedance  of  the  short-circuited  coaxial 
antenna.  The  measurements  were  made  using  a  small  antenna, 
between  8  and  13  cm,  in  length,  immersed  in  a  tank  of  salt 
water  55  inches  in  diameter  ana  containing  a  depth  of  55  inches 
of  water.  Frequencies  in  the  VHF  range  from  75  to  125  mc/sec. 
were  used  in  order  to  obtain  measurable  impedance  values.  The 
experimental  values  were  compared  with  the  theoretical  values 
obtained  from  (2-55),  not  (2-55).  (See  Appendix  B  for  the 
derivation  of  the  input  impedance  of  the  modeled  antenna.) 

The  theoretical  values  of  input  resistance  and  reactance  of 
the  model  cure  shown  in  Figures  2.2  and  2.5,  respectively. 


(sumo)  aoue^STsay 


frequency  (megacycles) 
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(sunto)  SOUB^OBSH 


frequency  (megacycles) 
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The  first  antenna  was  made  from  RG  142  U  coaxial  cable 
by  stripping  back  approximately  75  centimeters  (l  +  L,  + 
braid  length)  of  the  outer  insulating  jacket  from  the  free 
end  of  the  cable.  Then  a  21  centimeter  length  of  the  braid 
was  removed  from  the  same  free  end;  next  an  18  centimeter 
length  of  the  teflon  dielectric  was  removed  exposing  an  equal 
length  of  the  center  conductor  of  the  cable .  Such  an  antenna 
is  shewn  in  Figure  2.4.  Figure  A.l  of  the  appendix  shows  how 
the  antenna  was  placed  in  the  water  for  the  experiment. 

Shorter  antennas  were  constructed  by  removing  additional 
lengths  of  dielectric  and  center  conductor.  (See  Figure  A. 3 
of  the  appendix.)  The  diameters  of  the  dielectric  and  the 
inner  conductor  of  RG  142  U  cable  satisfy  the  conditions  given 
by  the  inequalities  (2-38). 

When  an  antenna,  described  above,  is  submerged,  a  short 
circuit  termination  is  obtained  because  of  the  relatively  high 
conductivity  of  the  salt  water.  The  length  was  kept  to  at 


Figure  2.4  A  coaxial  antenna 
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least  18  cm.  to  insure  that  any  reflections  from  the  end  of 
the  bare  wire  were  attenuated  sufficiently  and  that  their 
effect  on  the  impedance  was  negligible. 

The  antenna  was  immersed  in  a  salt  water  solution  whose 
conductivity  was  approximately  nine  mhos /meter.  The  conduc¬ 
tivity  was  measured  with  an  ac.  resistance  bridge  and  a 
standard  electrolytic  cell  employing  platinum  electrodes. 

The  power  supplied  to  the  bridge  was  sixty  cycle  a.c.  to 
prevent  polarization  of  the  electrodes. 

The  impedance  measurements  were  made  by  means  of  a  GR 
type  1602 -B  admittance  meter  using  the  necessary  auxiliary 
General  Radio  equipment .  The  length  of  cable  from  the  admit¬ 
tance  meter  to  the  coaxial  antenna  was  about  18  inches .  The 
length  of  this  transmission  line  feeding  the  coaxial  antennas 
had  to  be  kept  short  to  lower  the  effect  of  the  cable  losses 
on  the  antenna  admittance  measurements .  That  the  losses  are 
small  is  indicated  by  the  negligible  magnitude  of  the  real 
part  of  the  short  circuit  measurements.  (Charts  I  and  V  of 
the  appendix.)  In  order  to  compensate  for  this  cable  length, 
its  electrical  length  had  to  be  determined,  and  its  effect 
removed  from  the  antenna  admittance  data. 

It  was  known  that  the  electrical  length  of  a  transmission 
line  could  be  determined  from  a  short  circuit  admittance  mea¬ 
surement  made  on  the  line.  After  the  antenna  admittance 
measurements  had  been  completed,  the  transmission  line  which 
had  fed  the  antennas  was  short  circuited  at  the  antenna  feed 
point,  and  admittance  measurements  were  made  on  it.  These 
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short  circuit  measurements  were  made  at  every  measurement  fre¬ 
quency  used  for  the  antennas.  (See  the  Appendix  for  frequencies 
and  the  method  used  to  obtain  the  short  circuit.) 

The  electrical  wavelength  of  the  line  for  each  frequency 
was  then  determined  from  the  Smith  Chart .  This  frequency  vs . 
wavelength  data  was  then  used  to  determine  the  "best  straight 
line"  relationship  between  frequency  and  wavelength  according 
to  the  minimum  error  squared  method  shown  in  [2l],  The  cor¬ 
rected  electrical  wavelength  for  each  frequency  was  then 
determined  from  the  "best  straight  line"  plot  and  used  with 
the  corresponding  antenna  input  admittance  measurement  to 
determine  the  antenna  input  impedance. 

The  initial  experimental  curve  of  resistance  versus  fre¬ 
quency  obtained  with  an  antenna  length  of  13  can.  showed  a 
higher  resistance  throughout  the  frequency  range  than  was  pre¬ 
dicted  from  the  theoretical  curves.  Subsequent  measurements 
using  other  antenna  lengths  were  also  consistently  higher,  and 
there  was  no  obvious  reason  from  this  discrepancy. 

Since  it  was  quite  cumbersone  to  change  antenna  lengths 
and  since  the  discrepancy  at  any  antenna  length  seemed  to  be 
typical  of  the  discrepancies  at  any  other  lengths,  it  was 
decided  to  make  a  more  thorough  investigation  using  only  one 
antenna  length.  A  length  of  13  cm.  was  chosen  for  more  de¬ 
tailed  experimental  study. 

The  experimental  data  plotted  in  Figure  2.5  indicates 
that  the  antenna  behaves  as  though  it  is  longer  than  its 
actual  physical  length;  that  is,  there  is  an  apparent  electrical 


length  of  the  antenna  which  is  greater  than  its  measured 
physical  length.  The  lengthening  effect  can  be  readily  seen 
by  comparing  the  experimental  plot  of  the  antenna  resistance 
with  the  theoretical  family  of  curves  in  Figure  2.2.  A  logi¬ 
cal  cause  of  this  effect  would  seem  to  be  the  imperfect 
electrical  contact  between  the  salt  water  solution  and  the 
bare  center  conductor  at  the  terminal  end  of  the  antenna  and 
between  the  solution  and  the  outer  conductor  of  the  cable  at 
the  driving  point .  In  order  to  determine  if  this  indeed  was 
the  cause  for  the  discrepancy  between  theoretical  and  experi¬ 
mental  values,  additional  surface  area  was  added  to  both  ends 
of  the  antenna  in  the  form  of  metal  plates  (see  Figure  2.6) . 


Figure  2.6  The  coaxial  antenna  with  metal  plates. 
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A  5  in.  x  5  in.  metal  plate  was  first  soldered  to  the 
outer  conductor  of  the  cable  to  serve  as  a  ground  plane. 

This  had  negligible  effect  as  shown  in  Figure  2.5.  A  similar 
ground  plane  soldered  to  the  center  conductor  at  the  terminal 
end  of  the  antenna  proved  effective  in  making  the  experimen¬ 
tally  measured  resistance  agree  closely  with  that  predicted 
theoretically  for  the  lower  frequencies. 

Figure  2.7  shews  that  the  experimental  points  for  the 
reactance  follow  the  theoretical  curve  closely  regardless  of 
the  presence  of  the  ground  planes .  This  effect  is  to  be 
expected  since  most  of  the  reactance  is  due  to  the  magnetic 
field  in  the  dielectric. 

This  experiment  confirms  the  validity  of  the  theory  in 
spite  of  the  discrepancies  encountered  between  the  theoretical 
values  and  the  experimental  values  obtained  for  the  coaxial 
antenna  with  no  ground  planes .  This  is  true  because  the 
situation  described  in  the  theoretical  analysis  is  more  nearly 
like  the  situation  represented  by  a  coaxial  antenna  with  ground 
planes  at  both  ends.  The  theoretical  analysis  was  based  on  an 
infinite  line  with  all  electric  fields  and  currents  oriented 
parallel  to  the  line.  The  electric  fields  and  currents  between 
two  large  parallel  plates  perpendicular  to  the  line  are  also 
parallel  to  the  line.  This  is  not  true  for  a  line  terminated 
by  bare  wires  coincident  with  the  axis  of  the  line,  as  is  the 
case  for  the  coaxial  antenna  without  ground  planes. 

The  current  at  either  end  of  the  coaxial  antenna  with  no 
ground  planes  must  flow  in  toward,  or  away  from,  the  bare 
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conductor.  Because  of  the  large  skin  depth  as  compared  to 
the  center  conductor  and  comparatively  lew  conductivity  of 
the  salt  water  solution,  the  current  must  be  distributed  over 
a  large  area  of  the  bare  conductor,  and,  thus,  over  an  ap¬ 
preciable  length  of  the  conductor.  This  fringing  effect 
increases  the  distance  between  the  points  where  the  current 
effectively  enters  and  leaves  the  antenna.  This  increase  in 
distance  is  more  pronounced  on  the  bare  inner  conductor  at 
the  terminal  end  than  on  the  bare  outer  conductor  at  the 
driving  point  because  the  inner  conductor  has  a  smaller  cir¬ 
cumference  than  the  outer  conductor .  Compared  to  the  outer 
conductor  with  a  larger  circumference,  the  smaller  circumfer¬ 
ence  inner  conductor  must  be  longer  to  obtain  the  same  contact 
area  with  the  water.  The  truth  of  this  statement  is  demon¬ 
strated  by  the  fact  that  the  ground  plane  at  the  terminal  end 
of  the  antenna  had  a  greater  effect  than  the  ground  plane  at 
the  driving  point . 

Since  a  full  scale  practical  antenna  is  necessarily 
extremely  large,  any  phenomenon  wh-  .h  makes  the  antenna  appear 
to  be  larger  than  its  actual  size  is  desirable.  For  any  given 
antenna  length,  the  resistance  is  higher  than  expected  from 
the  theory,  and,  therefore,  helps  simplify  the  impedance 
matching  problem.  On  the  other  hand,  the  increase  in  resis¬ 
tance  is  due  mostly  to  losses  at  the  terminal  end,  since,  for 
a  horizontal  antenna,  only  the  horizontal  component  of  the 
fringing  current  contributes  to  the  radiation  at  the  water 


surface . 


5 .  CONCLUSIONS 

An  antenna  which  operates  well  in  air  loses  most  of  its 
effectiveness  in  sea  water  because  electromagnetic  waves 
traveling  through  the  water  are  attenuated  55  db  per  wave¬ 
length.  This  makes  it  necessary  to  use  low  frequencies  with 
corresponding  long  wavelengths  to  reduce  the  amount  of  attenu¬ 
ation  for  a  given  distance.  The  use  of  low  frequencies  re¬ 
quires  very  long  antennas  in  order  to  keep  the  driving  point 
impedance  high  enough  to  allow  an  effective  transfer  of  power 
from  a  transmitter.  Unfortunately,  the  efficiency  of  such  an 
antenna  is  difficult  to  calculate  since  it  is  difficult  to 
distinguish  the  useful  power  from  the  losses. 

It  should  be  noted  that  a  full  scale  (lew  frequency) 
coaxial  antenna  with  metal  plates  as  described  above  would 
be  impractical  to  build.  Fairly  good  contact  with  the  water 
can  probably  be  provided  at  the  driving  end  by  the  structure 
housing  the  transmitter,  but  good  contact  at  the  terminal 
end  is  difficult  to  obtain.  The  simplest  way  to  do  this 
would  be  to  make  a  length  of  the  center  conductor  bare  at 
the  terminal  end.  This  method  of  shorting  the  antenna  intro¬ 
duces  some  error  as  was  shown  by  the  experimental  results 
presented  above.  An  improvement  over  this  type  of  termination 
could  be  realized  by  increasing  the  diameter  of  the  bare  con¬ 
ductor;  such  an  antenna  is  shown  in  Figure  J.l. 
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Figure  3.1  An  improved  coaxial  antenna  termination. 


Due  to  the  assumption  that  perfect  contact  with  the  water 
is  assumed,  the  resistance  of  the  coaxial  antenna  depends  on 
the  skin  depth  in  the  water  and,  thus,  depends  on  the  frequency 

[4,  P.  116]. 

At  the  lower  frequencies  the  measured  resistance  of  the 
13  cm.  antenna  agrees  closely  with  theory.  As  the  frequency 
increases,  measured  values  depart  somewhat  from  the  calculated 
values.  (See  Figure  2.5.)  Calculation  of  |k_b|  at  the  higher 

D 

frequencies  shows  that  its  value  for  the  antenna  used  is  less 
than  1,  but  not  significantly  so,  as  required  by  the  inequal¬ 
ity  ( 2-38c) .  However,  calculation  will  show  that  |kgb|  can 
be  much  closer  to  1  than  ( 2-38c)  implies.  In  general  there 
is  some  doubt  as  to  the  validity  of  these  calculations.  This 
is  because  kA  and  kQ  are  determined  only  after  assumptions 
are  made  as  to  their  magnitude. 

When  the  more  exact  expression  for  k£,  [4,  p.  110 ], 


jccc  kB  «^(kBb)  1 


(3-D 
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was  used  to  calculate  kA  and  then  zin  at  125  me.,  the  value 
for  the  input  impedance  of  the  13  cm.  antenna  at  125  me  was 
found  to  be 

Zln  =  122.1  +  j  42.0  ohms.  (3-2) 

While  the  resistive  part  is  larger  than  the  previously  cal¬ 
culated  resistance,  as  we  would  desire,  it  deviates  more  from 
the  measured  value  than  the  less  exact  expression.  The  result 
also  shows  a  greater  divergence  between  the  theoretical  and 
measured  reactance .  This  indicates  that  the  more  exact  ex¬ 
pression  for  kA  does  not  improve  the  agreement  between  the 
calculated  and  measured  values .  It  appears  then  that  the 
assumption  that  the  coaxial  antenna  can  be  analyzed  as  a  lossy 
transmission  line  may  be  invalid  at  the  higher  frequencies. 

At  the  lower  frequencies,  practical  in  underwater  communica¬ 
tions,  the  assui  ptions  generally  made  in  the  analysis  of 
coaxial  antennas  appear  to  be  valid. 

Some  idea  of  the  value  of  the  impedance  of  a  coaxial  an¬ 
tenna  of  practical  size  can  be  gained  by  considering  an 
antenna  with  the  following  dimensions . 
a  =  0.5  cm. 
b  =  1,0  cm. 
t  =  10  meters . 

The  impedance  of  this  antenna  operated  at  10  kc.  cylces/ 
sec.  in  sea  water  with  a  conductivity  of  4  mhos /meter  is 


Z  input  =  O.O987  +  j  0-775  ohms. 


(3-3) 


APPENDIX  A 


Experimental  Procedure  and  Data 
I .  The  Coaxial  Antenna 
1 .  Equipment 

( a)  Tank  filled  with  salt  water 
Diameter:  34  inches 
Depth  of  water:  33  inches 
Gallons  of  water:  Approximately  137 
Amount  of  salt  in  the  water:  Approximately 

90  pounds 

(b)  RG  142  U  coaxial  cable  with  outer  conductor 
peeled  back  at  the  end  to  form  the  coaxial 
antenna. 

(c)  1  General  Radio  unit  oscillator  GR  1213  B 
Serial  No.  2226 

(d)  1  General  Radio  unit  oscillator  GR  1215  B 
Serial  No.  2047 

(e)  1  Hewlett  Packard  signal  generator  HP  608  C 
Serial  2083 

( f )  1  General  Radio  power  supply  GR  1201  B, 

USN  No.  2798-3. 

(g)  1  General  Radio  intermediate  frequency  ampli¬ 
fier,  GR  1216  A,  USN  No.  27987 

(h)  1  General  Radio  admittance  meter  with  neces¬ 
sary  attachments,  GR  1602  B,  Serial  2023 

(1)  1  General  Radio  standard  conductance 
GS  1662  p4 . 

( 2)  1  General  Radio  standard  capacitor 
GR  1602  p3,  Serial  2023 

(3)  1  General  Radio  20  cm.  air  line 
GR  874  L20 

(4)  1  General  Radio  lew  pass  filter 

GR  874  F500 

( i)  2  General  Radio  10  db  attenuation  pads 
GR  874  G10 

f  j )  1  General  Radio  crystal  mixer  tee  GR  874 

(k)  1  General  Radio  extension  coaxial  cable 
GR  CO  874-R22 

(l)  1  Platinum  electrode  conductivity  cell  manu¬ 
factured  by  Otto  Haak's  Son,  Philadelphia  20,  Pa. 

(m)  1  Leeds  and  Northrop  Co.  Ac  resistance  bridge 
No.  761580 -A 

(n)  1  0-100®C  76  mm  thermometer. 
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Figure  A.l  Experimental  setup. 


34 


Figure  A. 2  Connection  of  measuring  apparatus. 


35 


A-Jc 


A-3d 


shorted  at  antenna 
input  terminals 


Figure  A. 3  Construction  details  of  coaxial 
antennas  and  shorted  transmission  line. 
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II. 


Measurement  Procedure 

(a)  The  longest  antenna  (t  =  13  cm.)  to  be  measured  was 
first  constructed  from  one  end  of  a  length  of  ' 

RG  142  u  cable.  (See  Figure  A. 3a) . 

(b)  Using  a  General  Radio  type  874  conductor,  connection 
was  made  to  the  admittance  meter  as  shewn  in  Figure 
A.l. 

(c)  The  frequency  at  which  the  measurement  was  to  be  made 
was  set  on  the  standard  calibrating  oscillator  with 
the  No.  2,10  db  pad  connected  to  its  output. 

(d)  The  mixer  oscillator  was  adjusted  to  a  frequency  ap¬ 
proximately  30  me.  above  the  measurement  frequency. 
Fine  adjustment  of  mixer  frequency  was  achieved  by 
tuning  for  a  maximum  deflection  of  the  IF  amplifier 
output  meter . 

(e)  The  No.  2,  10  db  pad  was  then  disconnected  from  the 
standard  calibrating  oscillator  and  connected  to 
the  unit  oscillator  output. 

( f )  The  unit  oscillator  frequency  was  set  to  the  measure¬ 
ment  frequency;  then  its  frequency  was  carefully 
adjusted  to  maximum  deflection  of  the  IF  amplifier 
output  meter . 

(g)  With  the  standard  capacitor  set  to  the  measurement 
frequency,  the  conductance  and  susceptance  arms  of 
the  admittance  meter  were  adjusted  in  turn  until 
the  IF  amplifier  output  meter  indicated  a  minimum 


null 
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(h)  Parts  (c)  through  (g)  were  repeated  for  all  desired 
measurement  frequencies . 

( i)  The  length  l  was  then  shortened  to  the  next  longest 
antenna  length.  The  length  of  bare  center  conductor 
was  also  shortened  to  18  cm.  (Figure  A. 3b) 

(j)  Steps  (c)  through  (h)  were  repeated. 

(k)  l  was  shortened  to  the  next  longest  length  (£  =  8  cm.), 
and  the  bare  center  conductor  length  was  adjusted 
to  18  cm.  (Figure  A. 3c) . 

(l)  Steps  (c)  through  (h)  were  repeated. 

III.  Construction  of  Short  Circuit  for  Determination  of  Line 
Length . 

(a)  The  teflon  dielectric  was  stripped  back  to  the  end 
of  the  braid.  (Point  X  of  Figure  A. 3a) . 

(b)  A  small  piece  of  shielding  was  securely  soldered  to 
the  center  conductor  and  braid  at  X  as  shewn  in 
Figure  A. 3d. 

(c)  Measurement  procedure  steps  (b)  through  (h)  were 
repeated  on  this  shorted  transmission  line. 

IV.  Experimental  Data 
Definitions: 

f  -  measurement  frequency. 

7m  -  electrical  wavelength  determined  from  short 
circuited  line  measurements. 
he  -  electrical  wavelength  determined  "best  straight 


line"  curve. 
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G  -  conductance  measured  at  the  input  end  of  the 
transmission  line  with  antenna  load. 

B  -  susceptance  measured  at  the  input  end  of  the 
transmission  line  with  antenna  load. 

Gg  -  conductance  measured  at  the  input  end  of  the 
shorted  transmission  line. 

Bg  -  susceptance  measured  at  the  input  end  of  the 
shorted  transmission  line. 


R 

-  resistive 

component  of 

antenna  input 

impedance 

X 

-  reactive 

component  of  < 

antenna  input 

impedance . 

CHART  I 

Shorted 

transmission 

line 

f 

Gs 

Bs 

V 

*c 

MC 

Millimhos 

Millimhos 

Per  Unit 

Per  Unit 

125 

0 

+5-5 

.2925 

.2925 

120 

0 

+4.0 

.2810 

.2814 

115 

0 

+2.55 

.2700 

.2705 

110 

0 

+1.5 

.2600 

.2592 

105 

0 

-  .25 

.2480 

.2480 

100 

0 

-1.55 

.2375 

.2?69 

95 

0 

-3.0 

.2260 

.2258 

90 

0 

-4.5 

.2140 

.2147 

85 

0 

-6.0 

.2050 

.2055 

80 

0 

-7.5 

.1920 

.1924 

75 

0 

-9.05 

.1820 

.1815 
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CHART  II 

l  =  13  cm.  without  plates 

water  temperature  ~  2j°  C 
water  conductivity  ~  9  mhos/m 
line  length  determined  from  Chart  I 


f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

56.4 

52.5 

42 

+88.5 

120 

33.0 

45.6 

39-5 

+60. 0 

115 

21.0 

37.35 

35 

+74.5 

110 

14.97 

30.8 

31 

+69-5 

105 

10.8 

25.2 

27.5 

•+64.5 

100 

8.28 

21.0 

25 

+61 

95 

6.45 

17.0 

21.5 

+56.5 

90 

5.25 

13.55 

19.O 

+52 

85 

4.5 

10.9 

17.5 

+49 

80 

4.0 

8.4 

16 

+46 

75 

3.55 

6.0 

15.8 

+42.5 

CHART  III 

l  =11  cm.  without  plates 
water  temperature  ~  25°  C 
water  conductivity  ~  9  mhos/m 
line  length  determined  from  Chart  I 


f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

31.2 

+43.3 

30 

+67 

120 

20.2 

+35.7 

28.5 

+63 

115 

14.4 

+29.1 

25.5 

+58.5 

110 

10.8 

+24.6 

24.5 

+55.5 

105 

8.4 

+20.5 

21.0 

+52.0 

100 

6.6 

+16.7 

19.0 

+48.8 

95 

5.5 

+13.7 

17.5 

+46 

90 

4.6 

+11 

16 

+43.3 

85 

4.05 

+  8.6 

14.75 

+40.7 

80 

3.8 

+  6.5 

14.0 

+38.5 

75 

3.4 

+  4.35 

12.5 

+36.5 
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CHART  IV 

l  =  8  cm.  without  plates 
water  temperature  ~  23° c 
water  conductivity  ~  9  mhos/m 
line  length  determined  from  Chart  I 


f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

15.2 

+29.6 

20 

+46.3 

120 

11.4 

+24.9 

19 

+44 

115 

9.01 

+21.0 

18 

+41.5 

110 

7.2 

+17.4 

16.5 

+39 

105 

5.95 

+14.4 

15 

+36.8 

100 

4.95 

+11.97 

13.8 

+35 

95 

4.3 

+  9.5 

12.8 

+33-5 

90 

3.75 

+  7-3 

11.8 

+31.5 

85 

3-5 

+  5.2 

11.3 

+29.5 

80 

3.35 

+  3.4 

10.8 

+28.5 

75 

3.0 

+  1.55 

9.7 

+27-3 

CHART  V 

Shorted 

transmission 

line 

f 

Gs 

Bs 

MC 

Millimhos 

Millimhos 

Per  Unit 

Per  Unit 

125 

.25 

+5.5 

.2928 

.2924 

120 

.2 

+4 

.2813 

.2813 

115 

0 

+2.55 

.2700 

.2702 

110 

0 

+1.2 

.2593 

.2591 

105 

0 

-  .25 

.2480 

.2480 

100 

0 

-1.7 

.2362 

.2369 

95 

0 

-3.05 

.2258 

.2258 

90 

0 

-4.45 

.2150 

.2147 

85 

0 

-6 

.2031 

.2036 

80 

0 

-7.7 

.1927 

.1925 

75 

0 

-9.1 

.1818 

.1815 
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CHART  VI 


l  =  1J  cm.  without  plates 
water  temperature  ~  21°  c 
water  conductivity  ~  7  mhos/m 
line  length  determined  from  Chart  V 


f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

62.0 

+53.2 

45 

+92 

120 

56.3 

+48.0 

41 

+85 

115 

23.1 

+39-3 

37 

+77-5 

110 

15.8 

+32.5 

32.5 

+73.0 

105 

11.4 

+26.7 

29.5 

+68 

100 

8.76 

+22.2 

27 

+64.5 

95 

6.95 

+17.8 

24 

+59 

90 

5.55 

+14.3 

20.3 

+54.5 

85 

4.8 

+11.4 

19 

+51.0 

80 

4.2 

+  8.8 

17.3 

+47.0 

75 

3.65  +  6.4  15 

CHART  VII 

l  =  13  cm.  with  5  in.  x  5  in. 

copper  plate  soldered  to  the 
end  of  the  braid 
water  temperature  —  21° C 
water  conductivity  ~  7  mhos/m 
line  length  determined  from  Chart  V 

+43.8 

f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

70.4 

+53.2 

49 

+96 

120 

39.8 

+50.1 

44 

+88.5 

115 

24.3 

+41.1 

39 

482.5 

110 

16.5 

+33.9 

35 

+75-5 

105 

11.85 

+27.7 

30.5 

+70.5 

100 

8.92 

+22.3 

27 

464.5 

95 

6.8 

+18.4 

23.8 

460 

90 

5.5 

+14.75 

20.5 

+56 

85 

4.6 

+11.75 

18.8 

+52.5 

80 

4.0 

+  9.1 

16.8 

+48.5 

75 

3-5 

+  6.7 

15 

+45.5 
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CHART  VIII 

l  =  1J  cm.  with  5  in.  x  5  in.  copper 
plate  soldered  to  the  bare  center 
conductor  at  the  end  of  the  antenna 
water  temperature  ~  21° C 
water  conductivity  ~  7  mhos/m 
line  length  determined  from  Chart  V 


f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

51.2 

+62 

55 

-f90 

120 

28 

+49.2 

51 

+82 

115 

18 

+59.5 

29.5 

+75-9 

110 

12 

+31.6 

25.5 

+70.5 

105 

8.8 

+25.5 

22.8 

+65 

100 

6.75 

+20.9 

20 

+60 

95 

5.25 

+17 

18 

+57 

90 

4.5 

+15-5 

15.5 

+52.5 

85 

5.6 

+10.7 

14.0 

+48.5 

80 

5.1 

+  8.2 

12.5 

+46.0 

75 

2.8  +  5.8 

CHART  IX 

l  =15  cm.  with  both  plates 
water  temperature 
water  conductivity  ~ 
line  length  determined 

11.5 

soldered  in  place 
~  21°  C 

7  mhos/m 
from  Chart  V 

+42.3 

f 

G 

B 

R 

X 

MC 

Millimhos 

Millimhos 

Ohms 

Ohms 

125 

49.2 

+57 

56.5 

+86.5 

120 

28 

+47 

52.5 

+80 

115 

17.4 

+57-7 

28.8 

+75 

110 

12 

+50.4 

25.5 

+68 

105 

8.62 

+24.9 

22.5 

+64 

100 

6.59 

+20.7 

19 

+60 

95 

5 

+16.55 

17 

+56 

90 

5.97 

+13.2 

14.5 

+51 

85 

5.4 

+10.47 

15 

+48 

80 

2.77 

+  7.9 

10.5 

+44.5 

75 

2.5 

+  5.54 

10 

+41.8 

45 


Calculated  Values  of  Input  Impedance 
Assumed  water  conductivity  9.6  mhos/meter 


CHART 

X 

chart 

XI 

1=7 

cm. 

1  =  9 

cm. 

f 

R 

X 

R 

X 

70 

5.047 

21.94 

6.668 

28.58 

75 

5.439 

23.33 

7.210 

30.46 

80 

5.837 

24.73 

7.765 

32.33 

85 

6.241 

26.12 

8.333 

34.22 

90 

6.651 

27.51 

8.916 

36.11 

95 

7.069 

28.91 

9.514 

38.02 

100 

7.494 

30.30 

10.12 

39.94 

105 

7.927 

31.69 

10.75 

41.86 

110 

8.368 

33-09 

11.40 

45.81 

115 

8.817 

34.49 

12.06 

45.77 

120 

9.275 

35.90 

12.75 

47.75 

125 

9.742 

37.31 

13.45 

49.75 

130 

10.21 

38.72 

14.17 

51.76 

CHART 

XII 

CHART 

XIII 

l  =  11 

cm . 

l  -  13 

cm. 

f 

R 

X 

R 

X 

70 

8.421 

35.51 

10.33 

42.77 

75 

9.143 

37.91 

11.27 

45.79 

80 

9.888 

40.34 

12.25 

48.84 

85 

10.65 

42.79 

13.26 

51.95 

90 

11.45 

45.27 

14.32 

55.10 

95 

12.27 

47.77 

15.43 

58.31 

100 

13.13 

50.31 

16.58 

61.58 

105 

14.01 

52.87 

17.78 

64.91 

110 

14.92 

55.48 

19.03 

68.30 

115 

15.87 

58.12 

20.34 

71.77 

120 

16.84 

60.80 

21.70 

75.31 

125 

17.86 

63.52 

23.12 

78.92 

130 

18.91 

66.29 

24.60 

82.62 
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Calculated  Values  of  Input  Impedance 
Assumed  Water  Conductivity  9*6  mhos /meter 


f 

CHART  XIV 

l  =  15  cm. 

R 

X 

70 

12.44 

50.45 

75 

15.64 

54.15 

80 

14.89 

57.93 

85 

16.21 

61.79 

90 

17.59 

65.73 

95 

19.04 

69.77 

100 

20.57 

73.91 

105 

22.17 

78.15 

110 

25.85 

82.50 

115 

25.61 

86.96 

120 

27.^5 

91.55 

125 

29.58 

96.25 

1J0 

51.41 

101.09 

APPENDIX  B 


Derivation  of  the  Input  Impedance  of  the 
Modeled  Coaxial  Antenna 
Beginning  with  ( 2-53)  °n  page  17 

in  |  r 

ZSc  ‘  IT tanh  Ft  ' 


where 


r  = 


l-T— 

fOJ  (iC 


[- 


In 


2b 


ay |kBb| 


#] 


i»I 


Now  the  tanh  Ft  is  expanded: 

3 


tanh  rt  =  [rt -^Ti)7  +  7535<rt)9 

Using  these  five  terms  in  (B-l): 


(B-l) 


(B-2a) 


by  equation  (2-49).  Rewriting  (B-2a) 
u)2  t 

r2  =  [-  (  .1159  -  In  ,451 a  b)  -  In  £  +  j{]  .  (B-2b) 


•  •  •  I  • 
(B-3) 


sc 


r 2l  In  |  rV5  In  |  2r6t5  In  £  17r8!.7  In  £ 

+  J30to5 - TTWr^oTT 


j2iru>c 


JSroJT 

62r10^9  In  | 

(  2835)  ( j  2tfu>c  ) 


(B-4) 


The  physical  constants  which  apply  to  the  modeled  under¬ 
sea  coaxial  antenna  are: 
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H  =  4tt  x  10-7  henry/meter 
c  =9-6  mhos/meter 
b  =  1.475  millimeter 
a  =  .455  millimeter 


In  |  =  I.I75 

e  =  1.857  *  10-11 


farads/meter . 


Using  these  constants  in  the  bracketed  portion  of  (B-2b) 
and  letting  f  be  the  frequency  in  mcs 

2 

r  =  L"-1159  +  ln(V2Trf(.4Tr)  (9.6)  1 .475x  10'5) -1 .175+J7J 

Sl 

=  [-5-6149  +  +  Jj]  -  (b-5) 

In  ^ 

cl 

Substituting  this  into  (B-4): 


*.c  5.6149 


+ 


ju>5n2c  *? 
6ir  In  £ 

w 


WW*5 

( In  |)  215tt 


[-  5.6149 
•  [-  5.6149 


+ 


jl7a)7n4c5-t7 
( 515)  (  2ir)  ( In  J)5 

j62up\ipt 

(  2855)  (  2ir)  ( In  |)4 


[-  5.6149 
•  [-  5.6149 


Substituting  and  combining  the  remaining  constants? 
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zsc  =  -  i  1-25663  («)[-  5.6149  +  +  j}] 

2 

+  j  3.28421  x  10-2+(f-t)5[-5.6l49  +  +  j}] 

-  j  1.029879  x  10~7(f£)5[-5.6l49  +^7-^  +  j}]5 

4 

+  j  3.269113  x  10"11(fi)7[-5.6l49  +  +  j}] 

-  j  1.038539  x  I0"l4(f*,)9[-5.6149  +  +  j f]5. 

This  Is  the  expression  for  the  coaxial  antenna  feedpolnt 
Impedance  as  programmed  on  the  computer.  The  values  of  f  and 
l  were  varied  from  70  me  to  I30  me  and  7  cm  to  15  cm,  res¬ 
pectively. 
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